Absrract.-Log length exerted a critical influence in stabilizing large woody debris (LWD) pieces added as an experimental stream restoration technique. Logs longer than the average bank-full channel width (5.5 m) were significantly less likely to be displaced than logs shorter than this width. The longest log in stable log groups was significantly longer than the longest log in unstable groups. The distances moved by displaced logs demonstrated a quadratic relationship associated with log length; longer logs moved less often, but they moved farther when entrained in the current than the majority of mobile smaller logs. Log stability did not differ between a treatment section with randomized placement of LWD and a section in which LWD was placed systematically to best modify channel habitats. Channel scouring typically occurred around LWD oriented as ramps and as dams perpendicular to stream flow; aggradation occurred above and below pieces oriented as dams angled to the current. Microscale channel responses to LWD additions varied.
more often associated with pool formation than individual pieces. Cherry and Beschta (1989) used small wooden dowels 1 to 10% the size of real logs to simulate scour in a sand-filled, 6.1-m X 0.4-m flume. Dowels oriented upstream caused major flow disturbances and large scour depths that decreased bank stability. Dowels oriented downstream or perpendicular to the flow increased bank stability relative to the upstream oriented pieces. The authors hypothesized that pieces oriented perpendicular or downstream to flow require less anchoring than upstream-oriented logs to maintain position at various flows. In natural streams, thalweg position or the presence of other logs undoubtedly affects local channel patterns around any given piece of LWD, but we know of no information on the subject. Stability of LWD is positively related to log length (Bilby 1984; Lienkaemper and Swanson 1987; Robison and Beschta 1990 ), but the influences of other factors such as channel curvature or whether a log lies in a pool or a riffle are unknown.
Many authors have reported orientations of LWD and inferred pool characteristics from wood orientation, but few have examined the processes of channel bed adjustment to LWD and of pool formation. Bilby (1984) reported that selective removal of LWD pieces brought debris instability, channel scouring, and loss of many pools through filling or channel rerouting; pools reformed after the remaining pieces stabilized. Smith et al. (1993a Smith et al. ( , 1993b found that debris removal mobilized more bed load and changed the location of pools and bars but did not change average pool characteristics. Hilderbrand et al. (1997) showed that additions of LWD caused substantial increases in the number and total area of pools and a corresponding reduction in total riffle area.
Our report stems from a comprehensive examination of LWD-stream interactions. We added LWD to a debris-poor, low-gradient stream and to a debris-poor, high-gradient stream in southwestern Virginia to examine the utility of LWD for stream restoration and enhancement. The research project was designed to test the potential for increasing pool number and area, for enhancing fish habitat, and for influencing benthic macroinvertebrates and storage of benthic detritus. Our objectives in this paper are to describe trends in channel adjustment relative to different orientations of experimentally added LWD and to describe factors contributing to log stability. We concentrate here only on the low-gradient stream because during the study period, channel modifications in the high-gradient stream were minimal (Hilderbrand et al. 1997 ) and flows were not sufficient to displace logs.
Methods
North Fork Stony Creek is a third-order trout stream in the Appalachian Mountains of southwestern Virginia. Stony Creek has an average gradient just under l%, averages 5 m wide, and has a width-to-depth ratio of 7.8 (Hilderbrand et al. 1997 ). It flows primarily over sandstone and its bed is dominated by small and large gravels interspersed with sand and cobbles. Stony Creek flows through mature second-growth forest dominated by hemlock Tsuga canadensis and other conifers with a dense shrub understory. In the study reach, the channel is not confined on one side and overflows onto a floodplain during high discharges. Overbank flows occurred during our study and flows of this magnitude recur annually. Such flows divert energy from the channel and probably do not increase the potential for scour, but they may aid in displacing logs.
We divided the debris-addition area into two 250-m-long treatment sections. In one section, we placed LWD systematically according to our ideas of how to best manipulate stream habitats. In the other section, we placed logs according to a randomized design to mimic natural log drop. Details of log placement can be found in Hilderbrand et al. (1997) . Fifteen of the 50 pieces added to each section had been selected at random from that section. Three permanent cross-sectional transects were established at each selected log, one transect 0.5 m upstream of the log and two at distances of 0.5 and 1.5 m downstream. We used a level and stadia rod to measure channel bed elevation at 0.5-m intervals along each transect from right-bank stake to left. Surveys were carried out at each log immediately after LWD placement in summer 1993 and again in summer 1994.
Changes in stream bed elevation were determined by comparing 1994 with corresponding 1993 values. An arbitrary minimum difference of 2 cm was required to be classified as a change. Average change in bed elevation was calculated for a total cross section. Net percent change in area (AA%) and absolute percent change in area (IAA%l) were calculated following Olson-Rutz and Marlow (1992) . Each cross section was also subdivided into left-side, midchannel, and right-side portions to determine where aggradation or degradation occurred relative to log orientation. Some of the selected logs moved beyond their survey transects, and these transects were not considered in the analyses. All surveyed pieces spanned the entire channel.
Each year we surveyed 63 channel cross sections around 21 logs classified as either dam perpendicular to flow, dam angled to flow direction, ramp angled upstream, ramp angled downstream, and ramp perpendicular to flow. Dams were flat on the bottom; ramps had one end propped on a bank. Log locations were determined by a mapping technique (Hilderbrand 1994 ) based on Cartesian geometry. We determined positions immediately after the addition of pieces and again 1 year later. Pieces moving 2 m (to allow for measurement errors) or more were labeled as unstable.
To determine why some logs moved and some did not, we used logistic regression to test factors affecting log stability. Log orientation variables were divided into categories of equal frequency and tested against whether or not the logs moved. Independent variables analyzed were log length, random versus systematic placement, log diameter, log volume, placement in pool versus in riffle, vertical orientation, and horizontal orientation. The G-test was used to determine if stability increased with the use of multiple log combinations instead of single logs. For unstable logs, multiple regression was used to examine factors governing distances moved and the G-test to examine final resting positions. Additionally, polytomous regression was used to determine the effects of specific log orientations on microscale stream channel changes. This procedure examined the effect of categorical log orientations (horizontal, vertical, etc.) on a categorical response. The procedure is similar to logistic regression, but three responses were possible (scour, fill, unchanged) instead of the binary response necessary for logistic regression. All results were judged against a significance level of (Y = 0.05.
Results

Log Stability
There was no significant difference between treatment sections in the number of logs that moved (G-test, P > 0.05). Logistic regression showed that no measured variables contributed significantly to log stability in either the random or systematic placement sections, but log length was nearly significant in each. A significant relationship between log length and stability emerged when the data from both sections was pooled. Logs longer than 7.5 m were significantly less likely to move than logs shorter than 5.5 m, the average stream width (logistic regression, P = 0.024), and nearly so for logs 5.5-6.5 m long (P = 0.07). No other variables influenced log stability to any degree.
Single logs moved as frequently as groups of logs (G-test, P > 0.05). Groups of logs were significantly more likely to move together or remain stationary than to release individual pieces (G-test, P = 0.004). The average length of logs did not differ significantly between stable and mobile groups, but the longest piece in stable groups was significantly longer than the longest piece in mobile groups (analysis of variance, P = 0.023). There was no difference in the length of the smallest log between the mobile and stable log groups (P > 0.05).
Log length was the only variable significantly associated with distance moved by unstable logs (r* = 0.08; P = 0.04). Including a length-squared term that formed a quadratic expression greatly increased the fit of the relationship, explaining 31% of the variance (r2 = 0.31; P < 0.001). Longer pieces that moved traveled either short distances (2 m) or great distances (>20 m), but rarely between 3 and 20 m. Unstable pieces ended in positions oriented parallel to stream flow significantly more often than in positions spanning the channel (Figure 1 ; G-test, P < 0.001). There was no difference in number of parallel-oriented pieces between the channel margin and midchannel regions of the stream (G-test, P > 0.05).
Cross-sectional Trends
Average IAA%I for all cross sections were 5-10% regardless of log orientation, demonstrating the ability of LWD to locally change channel features. However, high variability among cross sec- tions resulted in no significant differences in mean elevation change, AA%, and IAA%I among log orientations. :Nonetheless, some trends representing the majority of cross sections emerged. Net percent change in area (AA%) indicated channel scour in association with all ramp orientations and with perpendicular dams (Table 1) . Conversely, both the upstream and downstream cross sections of angled dams aggraded while the middle section scoured. Mean bed elevation followed the same patterns with a few exceptions. The greatest changes generally occurred in the middle cross sections immediately downstream of logs.
Microscale Trends
Results of polytomous regression revealed no significant patterns of channel adjustment at the microscale relative to log orientation. The following trends may have heuristic value, however. Scour patterns were similar for all three ramp orientations (Figure 2 ). Most of this scour occurred immediately downstream of logs and along the sides of the channel. Ramps oriented upstream induced scour on both sides of the channel in all cross sections and in midchannel immediately below logs.
Downstream-oriented ramps brought scour along both sides, but midchannel areas remained unchanged. Maximum scour depth occurred downstream of the log and on the right side of the channel. Depth of scouring decreased upstream on the right side. Scour occurred immediately above and below logs near the tip of each ramp, but not in the cross section furthest downstream.
Scour patterns followed a left-to-right downstream diagonal for ramps oriented perpendicular to flow (Figure 2 ). Scour occurred above the log tips on the left side. Aggradation occurred on the right side upstream of ramps whereas the left side did not change downstream of ramp tips.
Dams oriented perpendicular to flow demonstrated a virtual mirror image of perpendicular ramps with the scour diagonal running right to left (Figure 2 ). Filling occurred immediately downstream of logs on the right side.
Angled dams aggraded along both sides at all three cross sections and in midchannel upstream of logs (Figure 2 ). Midchannel scour occurred downstream of logs. Every cell of every cross section for this orientation experienced an average elevational change.
Discussion
Log length played an important role in the stability of LWD pieces we installed. Logs shorter than the average channel width (5.5 m) moved significantly more frequently than logs 1.5-2 times the average channel width. This trend has been shown in several other studies as well (Bilby 1984; Lienkaemper and Swanson 1987; Robison and Beschta 1990 ). Lienkaemper and Swanson (1987) reported an inverse relationship between log length and downstream movement in Oregon streams; all pieces moving more than 10 m were shorter than the average bankfull width. Wood may be easily displaced at high discharges, but pieces longer than the channel width appear more likely to become jammed against riparian vegetation or channel obstructions. Bilby (1984) found that longer pieces were often jammed against objects at several points across the channel and along banks. This greatly reduced the chance of movement, as did the degree of anchoring by the obstruction (Bilby 1984; Lienkaemper and Swanson 1987) .
Previous studies have shown an inverse relationship between log size and distance moved (Bil- by 1984; Lienkaemper and Swanson 1987) . Though the log that moved the farthest in our study was the shortest log, the majority of logs that moved the farthest distances were the longer logs. Longer logs were more stable; however, once these logs broke free, they traveled a long way, as indicated by the quadratic term in the regression equation describing distance moved. Long pieces may have more inertia once moving and require more obstructions to stop. The majority of unstable logs came to rest parallel to the direction of flow.
This agrees with the findings of Hogan (1987) who reported that stable pieces occurred perpendicular or angled to the channel whereas unstable pieces were parallel.
Aggregates of LWD may be more effective in creating and maintaining pools than single pieces (Carlson et al. 1990) . Aggregates moved at the same frequency as individual pieces, but the longest log in the aggregates that remained stable was significantly longer than the longest log in the unstable aggregates. Lienkaemper and Swanson (1987) found that many stationary pieces were protected by anchored pieces. This suggests that managers may use a large anchoring log on the downstream end of an aggregate and use smaller pieces within the channel to modify channel attributes of interest. However, more information and monitoring is needed before widespread implementation of this technique can be justified.
Debris Orientation and Channel Change
This study and others (Bilby 1984; Smith et al. 1993b; Hilderbrand et al. 1997 ) have clearly shown that LWD alters channel morphology. The present issue is how log orientation influences channel pattern. The lack of statistical significance in our analyses of debris orientation and channel change imply that orientation is irrelevant. We nonetheless feel that orientation is an important consideration. Although none of the logs selected for detailed cross sections created pools, all seven of the pools elsewhere in the study sections were formed by logs oriented as dams (Hilderbrand et al. 1997) . Our sample sizes were small and variability was high, but the trends reported for any given orientation represent the majority of the logs measured.
For entire cross sections, ramps of all orientations increased channel scouring both above and below logs. Scour frequency was greatest immediately below the log, diminishing l-2 m downstream. The low frequency of aggradation below logs implies that most bed materials were redistributed more than 2 m downstream.
Average streambed elevation for cross sections around dams did not change. However, the microscale measures showed that more spatial cells changed elevation than remained unchanged. This discrepancy suggests that degradation in one part of the cross section was countered by aggradation in another section. In addition to the possible lateral redistribution of bed load, deposition of bed load from upstream could balance bed load exported from the cross sections. Dams laying flat on the channel bed alter hydraulic conditions, constricting flow through the thalweg and causing scour in some places and deposition in other places. Whatever the cause, the discrepancy in results highlights the importance of choosing the appropriate observational scale for the question asked.
In a flume study involving dowels, Cherry and Beschta (1989) found scour area was greatest when dowels were held flat on the bed, and maximum scour depth occurred near the middle of the dowels. In the present study, mean maximum scour depth occurred near the middle of the logs (midchannel) for both dam orientations, but scour area was greatest for ramps. Indeed, the only scour around angled dams was in midchannel below logs, whereas cells on both sides aggraded above and below the logs. The difference was most likely due to the dams on Stony Creek spanning the entire channel width, whereas the dowels used by Cherry and Beschta (1989) extended only to midchannel. Dowels allowed unrestricted flow through half of the flume whereas dams on Stony Creek influenced flow over all parts of the channel width. In the flume, scour most likely began at the midchannel tip of the dowel and undercut along the dowel's length. Conversely, in Stony Creek, the thalweg was near midchannel for all but one of the dams, so the only clear flow path under dams would be in midchannel.
The dominant substrate classes in Stony Creek are large and small gravels. These substrates are more easily moved than cobbles and boulders associated with higher-gradient trout streams in the Appalachian Mountains, and they should, in theory, undergo larger changes. The channel adjustment patterns observed in this study (Figure 2 ) can provide general guidance for those wishing to manage filling and scour via LWD so as to increase the number and depths of pools. Our sample sizes for each orientation of log were small, ranging from two perpendicular dams to seven downstream ramps. Other factors such as thalweg position, pools versus riffles, channel curvature, and other logs may mask or interact with each other to produce the observed results, but we know of no information pertaining to these relationships and our sample sizes were too small to address them. Given the variability in stream environments, the results we describe are only trends. They offer a useful starting point, but a much larger sample size is needed to produce definitive guidelines for LWD placement.
